Background: The herbicide alachlor has been widely used in US agriculture since its introduction in 1969. Experimental animal studies show that alachlor causes tumors in vivo; however, few epidemiologic studies have examined associations with human cancer risk. We evaluated alachlor use and cancer incidence in the Agricultural Health Study, updating an earlier analysis that suggested associations with lymphohematopoietic cancers with an additional 540 142 person-years of follow-up and 5113 cancer cases. Methods: Pesticide applicators in Iowa and North Carolina reported lifetime alachlor use at enrollment (1993)(1994)(1995)(1996)(1997) and follow-up (1999-2005). Exposure was characterized by cumulative intensity-weighted days. We estimated relative risks (RRs) and 95% confidence intervals (CIs) using Poisson regression for incident cancers from enrollment through 2012(NC)/2013(IA). Models adjusted for age, tobacco, alcohol, and other pesticides. All statistical tests are two-sided. Results: Among 49 685 applicators, 25 640 (51.6%) used alachlor, with 3534 alachlor-exposed cancers. The relative risks of laryngeal cancer (n exposed ¼ 34) increased in the second (RR ¼ 4.68, 95% CI ¼ 1.95 to 11.23), third (RR ¼ 6.04, 95% CI ¼ 2.44 to 14.99), and fourth quartiles (RR ¼ 7.10, 95% CI ¼ 2.58 to 19.53) of intensity-weighted days of use compared with no use (P trend ¼ .001). Risk of myeloid leukemia was elevated, though not statistically significantly so, in the fourth quartile of intensityweighted days of use (RR ¼ 1.82, 95% CI ¼ 0.85 to 3.87, P trend ¼ .17). Conclusions: We observed a strong positive association with use of alachlor and laryngeal cancer and a weaker association with myeloid leukemia. The strength and robustness of the association with laryngeal cancer suggests that long-term occupational exposure to alachlor may be a risk factor for laryngeal cancer. This first report requires confirmation.
Alachlor is a chloroacetanilide herbicide registered for use primarily on corn and soybeans in the United States (1) . From its registration in 1969 through the mid-1990s, alachlor was among the most widely used agricultural pesticides (55-60 million pounds per year in the late 1980s). Alachlor and its metabolites are mobile and moderately persistent in the environment, and have been detected in groundwater, streams, and rivers despite declining use, indicating potential for broad population exposures (1) (2) (3) (4) . Alachlor has acute toxicity (5, 6) , and in 1986 the US Environmental Protection Agency (EPA) classified alachlor as a probable human carcinogen based primarily on evidence of tumors in laboratory animals (1) . This classification combined with further EPA regulatory reviews resulted in new requirements for alachlor use, including usage guidelines designed to prevent groundwater contamination and personal protective equipment requirements stated on the product label to minimize occupational exposure (1, 7) . Subsequently, alachlor use has declined, and it has been replaced by newer chloroacetanilide chemicals (ie, acetochlor, S-metolachlor) (6) .
EPA classification of alachlor as a probable carcinogen is based on evidence of thyroid, stomach, and nasal tumors in rats (1) . Thyroid tumors were observed at very high doses; however, stomach and nasal tumors occurred at doses more relevant to human exposures (1) . In vitro, alachlor metabolites form DNA adducts and induce DNA single-strand breaks (8, 9) . Despite studies demonstrating carcinogenic and mutagenic effects in vivo and in vitro, the epidemiologic literature examining alachlor and cancer is limited. Two population-based case-control studies in the Midwestern United States found no association with self-reported alachlor use and leukemia or non-Hodgkin lymphoma (NHL) (10, 11) . Among alachlor manufacturing workers, elevated standardized incidence ratios were observed for myeloid leukemia and melanoma based on two and six cases, respectively (12) . No differences in cancer mortality were observed compared with the general population, but with 16 total cancer deaths, statistical power was limited (12) . In the Agricultural Health Study (AHS), an earlier analysis with followup through 2000 (mean ¼ 5.5 years follow-up) found evidence for an association with all lymphohematopoietic cancers, and noted non-statistically significantly elevated risks for multiple myeloma and leukemia (13) . Given the evidence for carcinogenicity in laboratory animals, and suggestive evidence of cancer risk in humans based on studies with few exposed cases, we conducted an updated analysis in the AHS including an additional 5113 cancer cases and 540 142 person-years of follow-up.
Methods

Study Population
The AHS is described elsewhere (14) . Briefly, the AHS is a prospective cohort that includes 57 310 licensed private and commercial pesticide applicators enrolled during 1993-1997 in Iowa (IA) and North Carolina (NC). Applicators were recruited when they applied for or renewed their restricted use pesticide license. They completed a self-administered questionnaire providing detailed information about lifetime pesticide use, agricultural practices, demographic characteristics, behavioral factors, and personal and family medical history. We conducted follow-up interviews via computer-assisted telephone interview approximately five years after enrollment during 1999-2005 (n ¼ 36 342, 63%). AHS questionnaires are available at https:// aghealth.nih.gov/collaboration/questionnaires.html. The study protocol, including implied consent for completion of questionnaires, was approved by all relevant institutional review boards.
Exposure Assessment
On the enrollment questionnaire, applicators provided information on duration (years) and frequency (average days/year) of alachlor use in categories. The midpoints of the categories were multiplied to obtain an estimate of cumulative lifetime days of exposure at enrollment. At follow-up, applicators provided updated information regarding alachlor days/year applied in the last year they farmed. If the last year the applicator farmed was after study enrollment, we assumed that he/she applied alachlor for the number of days/year reported at follow-up interview for each year from enrollment through the last year farmed. We used multiple imputation to estimate pesticide exposures for individuals who did not complete follow-up interview; these methods have been described (15) .
We utilized two exposure metrics for alachlor: cumulative lifetime days and intensity-weighted lifetime days. The cumulative lifetime days is the sum of days of alachlor use reported at enrollment through the year last farmed reported at follow-up. Intensity-weighted days is cumulative lifetime days multiplied by an intensity-weighting factor, which incorporates information on factors that influence pesticide exposure, including repair and cleaning of equipment, application method, whether the applicator mixed pesticides, and personal protective equipment use (16) . Lifetime days and intensity-weighted days were categorized as no exposure and quartiles of exposure among all cancer cases. For stratified and sensitivity analyses, lifetime days and intensity-weighted days were categorized as no, low ( median), and high exposure (>median) among all cancer cases.
Case Ascertainment and Classification
We obtained incident cancer cases via linkage with Iowa and North Carolina state cancer registries. We analyzed first primary cancers diagnosed from enrollment through date of death, movement out of state, or last study follow-up (December 31, 2013, for IA, December 31, 2012, for NC), whichever was earliest. A detailed description of cancer site classification is provided in the Supplementary Methods (available online) (17) (18) (19) (20) .
Statistical Analysis
We excluded applicators with missing or zero follow-up time (n ¼ 343), cancer diagnoses prior to enrollment (n ¼ 1096), and missing days of alachlor use at enrollment and follow-up (n ¼ 6139), leaving 49 732 applicators. Analyses examining intensity-weighted days of alachlor use excluded those missing this information at enrollment and follow-up (n ¼ 47, including eight incident cancers), leaving 49 685 applicators.
We report results for all cancer sites with at least 20 alachlor-exposed cases. Relative risks (RRs) and 95% confidence intervals (CIs) were estimated using Poisson regression for each quartile of alachlor exposure compared with no alachlor use. Subjects contributed person-time from date of enrollment through date of first cancer diagnosis, date moved out of state, date of death, or last follow-up, whichever occurred first. Analyses were restricted based on sex for sex-specific cancers.
All models were adjusted for potential confounders including attained age (continuous, time-varying in two-year increments), state (IA, NC), applicator type (private, commercial), cigarette smoking history at enrollment (never, former smoker, current smoker, missing) family history of cancer (yes, no, missing; specific site where available), and use of five pesticides most correlated with alachlor (none, low, high, or missing based on median intensity-weighted days of use): atrazine (Spearman P ¼ .49), cyanazine (P ¼ .38), metolachlor (P ¼ .38), 2,4-D (P ¼ .38), and terbufos (P ¼ .33). We also adjusted specific cancer site models for known risk factors including detailed smoking history (never, tertiles of pack-years among former smokers: <3.75, 3.75-15, !15; tertiles of pack-years among current smokers: <11.5, 11.5-28.4, !24.5, missing), smokeless tobacco use (ever, never, missing), and alcohol consumption (never, less than one drink/week, one or more drinks/week, missing). Tests for trend used the median of each exposure category as a continuous variable.
To address issues related to latency, we lagged alachlor intensity-weighted days of use by 10 years. We performed additional analyses to evaluate the robustness of observations for alachlor and laryngeal cancer. To determine if inherent unmeasured differences between alachlor-exposed and -unexposed applicators were biasing our results, we calculated relative risks with low-exposed applicators as the referent category. We adjusted for exposure to suspected occupational larynx carcinogens including grain dusts, other dusts (wood, cotton, sand, silica), asbestos, solvents, engine exhaust, swine/ poultry confinement areas, and metal grinding. We tested potential interactions with smoking, alcohol consumption, and atrazine, an herbicide inversely associated with laryngeal cancer in the AHS (21) , by including an interaction term (eg, smoking Â alachlor) in each model. Finally, we compared our standard model for melanoma with a model adjusted for known risk factors, which were available for a portion of the cohort (n ¼ 20 238), including skin reaction to sun (no/mild burn, blistering/ painful burn), sun protection (any, none), and hours per day spent in the sun during the growing season 10 years before enrollment (<3, 3-5, 6-10, >10 hours).
Analyses were performed using SAS version 9.4 (SAS Institute, Inc., Cary, NC). All statistical tests were two-sided, with an a of .05. Table 1 displays selected characteristics of 49 685 applicators, stratified by alachlor use. The 25 640 applicators reporting alachlor use (51.6%) were generally older and from Iowa, compared with those who reported no use; there was no clear association with intensity-weighted days of alachlor use. Commercial applicators and men were more likely to report greater alachlor use. Current smokers and heavier alcohol drinkers reported the highest alachlor use (fourth quartile of intensity-weighted days). Alachlor users generally reported a family history of cancer and lower smokeless tobacco use.
Results
Four point seven percent of applicators who applied alachlor at enrollment continued to apply alachlor at follow-up; very few (0.9%) applicators first reported alachlor use during follow-up ( Figure 1 ). Applicators who reported greater alachlor use at enrollment were more likely to report use of alachlor and other chloroacetanilides such as acetochlor or metolachlor at followup; 13.4% of applicators in the cohort had stopped applying pesticides on the farm at follow-up, while virtually all applicators reported pesticide use at enrollment (not shown). Table 2 displays model results for cumulative intensityweighted days of alachlor use and cancer risk. We saw no association for all cancer sites combined. Laryngeal cancer was associated with alachlor exposure in the second (RR ¼ 4.68, 95% CI ¼ 1.95 to 11.23), third (RR ¼ 6.04, 95% CI ¼ 2.44 to 14.99), and fourth (RR ¼ 7.10, 95% CI ¼ 2.58 to 19.53) quartiles of use compared with unexposed, with a statistically significant exposureresponse trend (P trend ¼ .001). Alachlor intensity-weighted days of use in the third quartile was associated with cancers of the small intestine (RR ¼ 3.41, 95% CI ¼ 1.26 to 9.25); risk estimates in other quartiles were elevated but not statistically significant, and there was no evidence for exposure-response trend (P trend ¼ .48). Alachlor intensity-weighted days of use in the first quartile of exposure was associated with increased risk of melanoma (RR ¼ 1.44, 95% CI ¼ 1.01 to 2.06, P trend ¼ .94); risk estimates remained unchanged after further adjustment for sun protection and sensitivity (not shown). We also noted a nonstatistically significant inverse association with stomach cancer for alachlor exposure in the fourth quartile (RR ¼ 0.53, 95% CI ¼ 0.23 to 1.23, P trend ¼ .14). There was no association for lymphohematopoietic cancers combined (P trend ¼ .44). However, myeloid leukemia was elevated among applicators in the fourth quartile of use (RR ¼ 1.82, 95% CI ¼ 0.85 to 3.87, P trend ¼ .17) based on 48 exposed cases. Of these, 34 were acute myeloid leukemia (AML), for which similar results were observed in the fourth quartile of alachlor exposure (RR ¼ 1.73, 95% CI ¼ 0.73 to 4.13, P trend ¼ .22, not shown). There were not enough chronic myeloid leukemia (CML) cases to evaluate separately. For comparison with Lee et al., we examined total leukemia including chronic lymphocytic leukemia (CLL; now classified as an NHL subtype) (18) . We noted a non-statistically significantly elevated relative risk in the fourth quartile of intensity-weighted days of exposure (RR ¼ 1.25, 95% CI ¼ 0.78 to 2.02, P trend ¼ .29) compared with unexposed (not shown). Results for models examining alachlor days of exposure were similar (Supplementary Table 1 , available online); a statistically significant trend for lifetime days of exposure and laryngeal cancer was apparent (P trend ¼ .004).
We further explored the relationship between intensityweighted alachlor days and laryngeal cancer (Table 3) . Using low exposure as the referent, high alachlor exposure was statistically nonsignificantly associated with laryngeal cancer (RR ¼ 2.03, 95% CI ¼ 0.92 to 4.49). Adjusting for occupational exposures potentially associated with laryngeal cancer generally did not impact the overall associations, though adjustment for exposure to grain dusts did result in slight attenuation of the relative risk. Among never smokers, there was only one laryngeal cancer case who had never applied alachlor, though even with limited power we observed that increasing alachlor use was associated with laryngeal cancer (not shown). To increase precision, we stratified by pack-years of cigarette smoking. Compared with those with fewer than five pack-years of cigarette smoking and no use of alachlor, risk of laryngeal cancer increased with increasing alachlor exposure regardless of smoking status (P interaction ¼ .45). High alachlor use was associated with laryngeal cancer among never (RR ¼ 9.87, 95% CI ¼ 2.94 to 33.14) and ever drinkers (RR ¼ 5.72, 95% CI ¼ 1.69 to 19.31), compared with never drinkers who did not apply alachlor. In our study, there was no interaction between smoking and alcohol use, and adjusting for combined smoking and alcohol use did not impact the risk estimates for alachlor exposure and laryngeal cancer (not shown). High alachlor exposure was associated with laryngeal cancer among both atrazineunexposed (RR ¼ 4.15, 95% CI ¼ 1.02 to 16.93) and -exposed (RR ¼ 3.21, 95% CI ¼ 1.22 to 8.46) individuals, compared with individuals exposed to neither herbicide (P interaction ¼ .47).
Results for models examining alachlor exposure with a 10-year exposure lag were similar compared with standard models (Supplementary Table 2 , available online). Associations for laryngeal, stomach, small intestine cancer, and myeloid leukemia were consistent with unlagged results. We noted inverse associations with aggressive prostate cancer in the second (RR ¼ 0.91, 95% CI ¼ 0.85 to 0.98) and third (RR ¼ 0.91, 95% CI ¼ 0.85 to 0.98) quartiles of exposure, with no exposure-response trend (P trend ¼ .32).
Discussion
Our study is the largest and most comprehensive analysis of occupational alachlor exposure and cancer risk to date. The most striking finding was a strong positive monotonic association with laryngeal cancer, with a sevenfold risk in the highest quartile of exposure compared with unexposed. This association remained after lagging exposure, stratifying by important potential effect modifiers (eg, tobacco and alcohol use) and adjusting for known and suspected occupational risk factors (22) . In these data, atrazine is inversely associated with laryngeal cancer (21) and correlated with alachlor; however, we observed elevated risks for alachlor use and laryngeal cancer among both atrazine-unexposed and -exposed applicators, compared with those reporting use of neither. Lee et al. previously reported a non-statistically significant association between ever use of alachlor and risk of laryngeal cancer based on seven exposed cases (13) . The only other epidemiologic study directly assessing alachlor exposure and multiple cancer outcomes did not examine laryngeal cancer (12) . Occupation as a farmer or agricultural worker has been associated with laryngeal cancer (23) (24) (25) (26) (27) ; however, there is no clear consensus in the literature regarding this association (22, (28) (29) (30) . Furthermore, with little or no information on participants' farming activities, it is not possible to attribute the observed associations in these studies to pesticide exposure or alachlor specifically. There is ample evidence for alachlor's carcinogenicity in vivo and in vitro, including formation of tumors (1), DNA adducts (8), and single-strand DNA breaks (9), as well as epidemiologic evidence for telomere effects in the AHS (31, 32) . In alachlor chronic feeding studies, another upper respiratory tract cancer, nasal olfactory tumor, occurs consistently (33, 34) . Rats are obligate nasal breathers; in humans, mouth breathing involves bypassing filtration by the nasal passages and may result in effects on more distant respiratory tract organs such as the larynx (35) . Furthermore, it has been posited that elevated expression of cytochrome P450 isoforms that metabolize alachlor to its reactive intermediate, particularly in target tissues (ie, nasal tissue), may play a role in carcinogenesis in animal models (36) . Taken together, this literature suggests that the larynx may not only be a point of direct access for inhaled pesticide exposures, but may be more susceptible than other tissue due to increased bioactivation of alachlor. These mechanisms are not well studied in humans; however, there is evidence that CYP2B6, known to metabolize and bioactivate alachlor in vitro (37) , is expressed at high levels in human larynx tissue (38) .
In the previous AHS analysis of alachlor, the authors noted a statistically significant exposure-response trend for alachlor use and all lymphohematopoietic cancers combined, elevated associations for leukemia and multiple myeloma, and no association with NHL (13). We found no association with lymphohematopoietic cancers overall, nor did we see an association for NHL, multiple myeloma, CLL, or other NHL subtypes based on extended follow-up. However, we observed elevated risks for myeloid leukemia in all exposure categories, though associations were not statistically significant, with limited evidence for exposure-response trend. Results for AML (70.8% of alachlorexposed myeloid leukemias) were similar. For consistency with the previous AHS analysis, we examined total leukemia, combining all subtypes including CLL (grouped with NHL in the primary analyses) (18) . Combined, we noted an elevated association in the fourth quartile of exposure, likely driven by the myeloid subtypes. A case-control study examining pesticides and leukemia found no association with alachlor, though leukemia subtypes were not examined (10) . Alachlor manufacturing workers with any or high alachlor exposure had elevated incidence of CML (among two exposed cases); there was no association with total leukemia (12) . It is possible that the relevant period to capture associations in this cohort has passed, with declining use of alachlor and short latency for certain lymphohematopoietic cancers. In addition, our analysis was underpowered to examine many rare NHL and leukemia subtypes, even with extended follow-up. Additional studies are needed to understand this possible association, examining finer subtypes. Trends in the use of specific herbicides change over time, as more effective chemicals come on the market and/or pesticides of known concern are phased out of use. Alachlor use has declined in the United States since its peak in the 1980s, and it has been replaced by newer chloroacetanilide chemicals (ie, S-metolachlor, acetochlor) with the same mechanism of action and closely related chemical structures. As of 2012, S-metolachlor and acetochlor account for more 10% of the agricultural herbicides sold in the United States by volume; in recent years alachlor is no longer reported among the most highly used chemicals by the US EPA (39) . Despite similarity in chemical structure, there is often discordance between observed cancer associations for pesticides in the same chemical class. Previously in the AHS, metolachlor use has been associated with increased risk of liver cancer and acetochlor use has been associated with a suggestive increased risk of lung cancer, particularly when applied as a product mixture with atrazine (40, 41) . Laryngeal cancer was not evaluated for associations with either pesticide due to few exposed cases.
Strengths of our analysis include longitudinal study design with regular follow-up of participants for cancer and mortality outcomes and detailed and validated self-reported pesticide exposure and intensity information (42) . Although there is potential for misclassification of self-reported alachlor use, because of the prospective study design, exposure misclassification will be nondifferential with respect to cancer outcome, which would bias relative risks toward the null (43) . Participants with missing information on alachlor use were excluded (11%), which is potentially a biased sample that may not be representative of the larger cohort. Although overall very similar to the general cohort, individuals who were missing alachlor use information were more likely to be older, from North Carolina, private applicators, and to report a race/ethnicity other than white. To date, this is the largest study to examine alachlor exposure and cancer risk, with a total of 3534 exposed cases (2729 additional accrued cases since the previous analysis within the cohort). Because of the high prevalence of alachlor use, we could examine many rarer cancer sites and subtypes. However, due to few exposed female applicators, we were unable to evaluate cancer sites such as breast (n ¼ 8) and endometrial cancer (n ¼ 1). We were able to control for potential confounders including tobacco use (smoking and smokeless tobacco), alcohol consumption, family history of cancer, ultraviolet radiation, and other farming Table 3 . Adjusted* relative risks and 95% confidence intervals for low ( median) and high (>median) intensity-weighted days of alachlor exposure for laryngeal cancer in the Agricultural Health Study and agricultural exposures. Laryngeal cancer shares risk factors with other respiratory tract cancers, such as tobacco use, and head and neck cancers, such as alcohol use. We saw no associations with alachlor exposure and cancers of the lung, oral cavity, or esophagus, or any other respiratory tract cancers, indicating that unmeasured confounding by these shared risk factors is unlikely responsible for the laryngeal cancer finding. We controlled for use of other pesticides that were most highly correlated with alachlor to minimize confounding. Because of its inverse association with laryngeal cancer, we also examined alachlor use among applicators never exposed to atrazine, with these stratified analyses indicating that confounding by atrazine is unlikely to explain this association.
In conclusion, we observed increased risk of laryngeal cancer with increasing alachlor exposure. We also noted a suggestive association for myeloid leukemia, consistent with excess CML in a study of alachlor manufacturing workers and prior findings in AHS for total leukemia. This is the first epidemiologic study to evaluate the association with alachlor and laryngeal cancer. However, the relatively large risk estimates, coupled with the consistent associations after extensive adjustment for potential confounders, examination of lagged exposure, and stratification by potential effect modifiers, indicate that occupational alachlor exposure may play a role in larynx carcinogenesis. Replication in other studies with detailed pesticide exposure assessment is needed.
